1. Introduction
===============

The response to inflammation constitutes a series of immune events that are evoked as a result of an insult in the tissues and aims to restore or re-establish normal structure and function. Inflammation is characterized by an increased local concentration of mediators, including inflammatory cells and cytokines ([@b1-ijmm-43-01-0003]). Chronic inflammation is a hallmark for several diseases, including cancer, diabetes, cardiovascular and pulmonary disorders, and neurological diseases. Furthermore, inflammation is associated with musculoskeletal insults, among which tendon inflammation in rotator cuff injury (RCI) is of particular concern ([@b2-ijmm-43-01-0003]). Persistent inflammation in the shoulder tendons delays the healing responses. Therefore, the management of inflammation and relieving of associated pain are required for a promising therapeutic approach.

Current knowledge of the molecular mechanisms and the primary cause of RCI associated inflammation remains limited. It is suggested that the physiological and mechanical stress in rotator cuff tendons results in microtrauma, which in turn leads to inflammation ([@b3-ijmm-43-01-0003]). Apart from the biochemical and molecular signals and pathways, epigenetic mechanisms are also involved in the initiation, progression, onset and regulation of inflammatory responses. Epigenetics-based therapeutic targeting of cellular or tissue inflammation in RCI has not been developed. Understanding the basics of epigenetic phenomena and the regulatory signaling is likely to be useful to elucidate the inflammatory mechanisms in RCI, the exploitation of which can assist in designing novel therapeutic approaches for RCI-associated inflammation.

2. DNA organization and epigenetics
===================================

Chromatin remodeling is an inevitable process that modulates and regulates gene expression. The structural dynamics of chromatin organization exposes the DNA strand for gene expression/regulation machinery. Chromatin exists as a complex of DNA, histones and non-histone proteins, which are organized into a specific 3D architecture that undergoes reversible and dynamic alteration during replication and gene expression. In addition, non-mutational structural modifications in DNA, including methylation and histone modifications, can alter gene expression which constitutes the epigenetic regulation system. The term 'epigenetics' was coined by Waddington in 1968 and was referred to as 'the interactions between genes and their products which bring phenotype into being' ([@b4-ijmm-43-01-0003]). Understanding the basic organization of the DNA in chromatin is necessary for examining the mechanisms of epigenetics involved in regulating gene expression.

The nucleosome is the basic unit of chromatin, which comprises \~146 base pairs (bp) of DNA wrapped around an octamer of histone protein subunits. These subunits include two copies each of H2A, H2B, H3 and H4. Nucleosomal organization ensures tight packing of the histones with DNA and enhances folding and stacking of otherwise lengthy DNA inside the nucleus. Therefore, nucleosome organization and chromatin condensation impede gene expression, which marks the remodeling of chromatin in the initial event of gene activation. The N-terminal ends of histones are susceptible to enzymatic reactions which facilitate local unwinding/rewinding of the nucleosome and have profound effects on gene expression ([@b5-ijmm-43-01-0003]). Linker DNA, which is between 10 and 80 bp in length, connects adjacent nucleosomes which are folded as a compact fiber of 30 nm; these are further stacked to form higher order structures, including chromosomes. The nucleosomal organization of DNA is shown in [Fig. 1](#f1-ijmm-43-01-0003){ref-type="fig"}. Linker histones (H1) are presumed to stabilize the 30-nm fibers by binding to linker DNA. However, this interaction between H1 and linker DNA is debated, and the packing of DNA to its higher order structures within the nucleus remains to be fully elucidated. In short, these epigenetic mechanisms modulate gene function through DNA-protein interactions without altering the genetic code.

As compatible chromatin (heterochromatin) makes DNA inaccessible for gene expression machinery, the events that induce structural alterations in chromatin are crucial for the initiation of gene expression. However, actively expressing genes (euchromatin) are more susceptible for the action of specific enzymes and regulatory proteins involved in gene expression ([@b6-ijmm-43-01-0003],[@b7-ijmm-43-01-0003]). The transient modifications in chromatin structure are facilitated by remodeling complexes which shuffle nucleosomes to randomly expose the wound DNA for a limited time ([@b7-ijmm-43-01-0003]). Chromatin remodeling complexes can be ATP-dependent, which can move nucleosome positions to induce a conformational change to enable the DNA accessible on the histone surface. This complex mediates ATPase activity for energy and is predominantly associated with members of the SWI/SNF family. SWI/SNF subfamilies with helicase domains have also been established as epigenetic modulators. Remodeling complexes act by disrupting chromatin structure and by inducing covalent modifications to the nucleosomes through acetylation and methylation, with methylation occurring particularly at the histone N-termini. These remodeling complexes are selective to the genes to be expressed and the transcription factors to be recruited during gene expression ([@b8-ijmm-43-01-0003]).

Mammalian epigenetic systems include DNA methylation, histone modifications and RNA interference. These systems can act individually, autonomously or cooperatively and can persist throughout the cell cycle, including during mitosis/meiosis. Disruption of these mechanisms may lead to the loss of cellular integrity, alterations in phenotype and disease progression, and impairments in normal development ([@b9-ijmm-43-01-0003]). Large-scale genome sequence variation (insertions, deletions or chromosomal rearrangements) ranging between 1 kbp and several mbps, collectively termed copy number variants (CNVs), is also considered to be similar to epigenetic phenomenon ([@b10-ijmm-43-01-0003],[@b11-ijmm-43-01-0003]).

3. DNA methylation
==================

DNA methylation is crucial for the normal development mediated through genomic imprinting, X chromosome inactivation, transcriptional repression and transposition. The failure to impart appropriate methylation tags to DNA contributes to genetic diseases and cancer ([@b12-ijmm-43-01-0003]). DNA methylation is catalyzed by DNA methyl transferases (DNMTs) with S-adenosyl methionine (SAM) as a methyl group donor ([@b13-ijmm-43-01-0003],[@b14-ijmm-43-01-0003]). DNMTs transfer the methyl group from SAM to cytosine residues on DNA, specifically at the CpG dinucleotide sequence yielding a 5-methylcytosine residue ([Fig. 2A](#f2-ijmm-43-01-0003){ref-type="fig"}). In this regard, methylation in the promoter regions of the genes implies the extent of gene repression ([@b15-ijmm-43-01-0003]). The functional outcomes of DNMTs are appreciated in X chromosome inactivation and genomic imprinting in addition to the abnormalities in DNA methylation events which are associated with disease complications ([@b16-ijmm-43-01-0003]). Among the DNMTs (DNMT1, DNMT3A, and DNMT3B), DNMT1 is important as it prefers hemi-methylated DNA strands ([@b17-ijmm-43-01-0003]). DNMT1 is closely associated with newly replicated DNA, suggesting its function to methylate daughter strands with respect to the methylation patterns of the parental strand ([@b18-ijmm-43-01-0003]). DNMT3A and DNMT3B are *de novo* methyltransferases which act during development and are subsequently replaced with DNMT1 as cell division progresses ([@b19-ijmm-43-01-0003]). DNMT3A and DNMT3B usually act on unmodified DNA and cause hemi-methylation, whereas DNMT1 acts on hemi-methylated DNA. The representation of hemi-methylation and methylation patterns is shown in [Fig. 2B](#f2-ijmm-43-01-0003){ref-type="fig"}.

DNMT3B is functionally active during early stages of embryogenesis and is known to arrest germ line genes during the transition from blastocyst to epiblast following implantation. By contrast, DNMT3A facilitates the retention and establishment of parental imprints and in differentiating somatic cell DNA methylation. Collectively, DNMT3A and DNMT3B maintain symmetry in CpG methylation, particularly at the hemi-methylated sites of embryonic cells ([@b20-ijmm-43-01-0003],[@b21-ijmm-43-01-0003]). DNMT3L, another DNMT, shares structural similarities with DNMT3A and DNMT3B with regards to the ATRX-DNMT3-DNMT3-like domain and binds to the lysine (K) residue at the 4th position of unmethylated H3. Although DNMT3L lacks catalytic activity, it is reported to function as a cofactor for DNMT3A and DNMT3B ([@b22-ijmm-43-01-0003]).

Unlike humans, mouse embryonic cells are reported to exhibit methylated genomic DNA at CpA, CpT and CpG dinucleotides, with CpG being the predominant form in all somatic cells ([@b23-ijmm-43-01-0003],[@b24-ijmm-43-01-0003]); this shows that CpG methylation in the genome is common in the mammalian system. 5-methyl cytosine (5MeC) accounts for almost 1% of the total DNA bases of the genome, which constitute \>70% of all CpG dinucleotides. Those stretches of genomic sequences comprising predominantly CpG dinucleotides concentrated in the genomic DNA are referred to as CpG islands, where the DNA is heavily methylated. These CpG islands are located around the promoter regions of several genes, signifying a role in gene regulation through the methylation of those genes. Due to the potential mutation resulting from the deamination of methylated cytosine to thymine, the majority of CpG dinucleotides are confined to CpG islands ([@b25-ijmm-43-01-0003]). The methylated state of DNA is the result of dynamic, but independent, methylation and demethylation, which varies between cell types. For example, mature germ cells and somatic cells are heavily methylated compared with hypomethylated embryonic cells ([@b26-ijmm-43-01-0003],[@b27-ijmm-43-01-0003]). The non-X-linked promoter CpG islands are reported to be methylated in normal tissues but exempt from methylation in germ line cells. DNA or histone methylation recruits repressive machinery and elicits an unfavorable chromatin conformation to prevent transcription ([@b28-ijmm-43-01-0003]). Such alterations in chromatin structure induce methylation of the adjacent chromatin segments ([@b29-ijmm-43-01-0003]). In addition, the methylation at H3K4 assists in the assembly of regulatory proteins of the chromatin-remodeling complex which offers transcriptional regulation. The mechanism of the regulatory role of H3K4 methylation is described in detail in the following sections.

Transcriptional repression by DNA methylation
---------------------------------------------

CpG islands are associated with promoter regions of the majority of housekeeping genes and other genes that are regulated during developmental stages. Such loci are transcriptionally inactive irrespective of their hypomethylation status ([@b30-ijmm-43-01-0003]). The hypo-methylated state is necessary for the binding of transcription factors (TFs), which prevents DNA methylation and histone methylation machinery from targeting these loci ([@b31-ijmm-43-01-0003],[@b32-ijmm-43-01-0003]). Based on the transcriptional activity of the CpG islands, the associated promoters can be poorly methylated, including intermediate CpG density promoters (inactive on methylation) and low CpG density promoters (hypermethylated), or transcriptionally active promoters regardless of their methylation status ([@b31-ijmm-43-01-0003]). The intermediate CpG density promoters can attain hypermethylation upon encountering differentiation signals. This DNA methylation offers an effective method of specific gene silencing, which was observed during the differentiation of germ cells ([@b20-ijmm-43-01-0003]). As with promoters, enhancer methylation can also modulate gene expression, however, the regulatory role of enhancer methylation remains to be elucidated ([@b33-ijmm-43-01-0003]).

The level of DNMT1 is reported to be increased during the S phase of the cell cycle, as evident from its high expression in mitotic cells. Proliferating cell nuclear factor-interacting binding factor and nuclear protein 95 attract DNMT1 to the replication fork to ensure its binding to the unmethylated daughter strand, converting hemi-methylated DNA into fully methylated DNA ([@b34-ijmm-43-01-0003]). The resulting methyl groups of 5MeC occupy the major groove of the DNA duplex and inhibit transcription by preventing TF binding or by interacting with methyl-binding proteins which recruits transcriptional repressors ([@b35-ijmm-43-01-0003]). In addition, the presence of methylated DNA elements within the genes facilitates the elongation phase of transcription and minimizes premature initiation ([@b36-ijmm-43-01-0003]). In addition, splicing of the transcripts is favored by methylation as the exon-intron boundaries are characterized by transitions in methylation pattern ([@b37-ijmm-43-01-0003]).

Demethylation
-------------

The reprogramming of 5MeC to reset the methylation status of cells for each new generation is essential, which suggests the existence of cellular demethylation machinery. The zygote presents DNA demethylation as compartmentalized deletion of 5MeC with maternal and paternal chromosomes leading to a demethylated epigenome. However, imprinted gene loci, certain maternally-contributed promoters, and several transposable elements (TEs) are exceptions ([@b20-ijmm-43-01-0003]). It has been reported that the maternal genome retains 5MeC and depletes during subsequent cell cycles, whereas the paternal genome demethylates prior to cell division ([@b38-ijmm-43-01-0003]). However, it has been reported that 5MeC is globally converted to 5\'-hydroxymethyl cytosine (5hMeC), which is removed in subsequent replications ([@b39-ijmm-43-01-0003]). In addition, a second stage of reprogramming of DNA methylation occurs in primordial germ cells to decrease global 5MeC levels. The regulation of gene expression in a locus-specific manner has also been revealed. Reprograming by demethylation is also vital for cell fusion and the differentiation of induced pluripotent stem cells ([@b40-ijmm-43-01-0003]).

Several proteins that exhibit demethylase activities have been reported in the mammalian system. The ten-eleven translocation (TET) family of deoxygenases have been found to catalyze the conversion of 5MeC to 5hMeC and then 5\'-formyl cytosine (5FC) and finally 5\'-carboxyl cytosine (5CaC) in three sequential oxidation reactions. Subsequently, 5CaC is decarboxylated to cytosine resulting in demethylation. TET belongs to the Fe(II)/α-ketoglutarate-dependent dioxygenases, which utilize Fe(II) as cofactor ([@b41-ijmm-43-01-0003]). TET has been identified in acute myeloid leukemia as part of histone H3 Lys 4 (H3K4). Of the three members in the TET family, TET1-3, TET3 possesses 5MeC hydroxylase activity. TET activity modifies the existing DNA methylation pattern, which paves the way for transcriptional regulation ([@b42-ijmm-43-01-0003]). The TET-mediated demethylation of 5MeC is shown in [Fig. 3](#f3-ijmm-43-01-0003){ref-type="fig"}.

4. Histone modifications
========================

Post-translational modifications in histones, particularly at the specific amino acid residues of N-terminal ends, have implications on the extent of gene expression. A wide array of modification patterns have been established on histones ([Table I](#tI-ijmm-43-01-0003){ref-type="table"}) where the acetylation/deacetylation and methylation of K residues are of significance in terms of transcriptional regulation ([@b43-ijmm-43-01-0003],[@b44-ijmm-43-01-0003]) ([Fig. 4](#f4-ijmm-43-01-0003){ref-type="fig"}). In general, acetylation facilitates the decondensation of chromatin, which exposes the genes to enable access to the replication/transcription machinery, and deacetylation causes the chromatin condensation that represents inactive genes. The acetylation neutralizes the negative charge density around the genes and disturbs the secondary structure of DNA, which makes the genes accessible for interacting with regulatory signals. In short, the interplay between acetylation and deacetylation determines the regulation of gene activity ([@b45-ijmm-43-01-0003]). The gene regulation by histone methylation depends on the amino acid residue undergoing methylation ([@b16-ijmm-43-01-0003]). Similarly, histone modifications caused by phosphorylation can either activate or inactivate the genes with respect to the inducing signals. The actual effects of other histone modifications on gene expression remain to be fully elucidated.

The combinations of histone modifications at a promoter region can determine the epigenetic status of cells, which facilitates either gene activation or repression and constitutes the 'histone code' hypothesis. The molecular cues for these modifications are encoded in the tail domains of histones, which are read by the regulator molecules. The parental histones are distributed randomly on daughter strands following replication and retain an epigenetic memory for gene expression ([@b46-ijmm-43-01-0003]).

The enzymes that catalyze histone acetylation, mainly at K residues, can be collectively referred to as histone acetyl transferases (HATs). The enzymes that remove acetyl groups from acetylated histones are histone deacetylases (HDACs). HATs are usually associated with transcriptional activators, whereas HDACs form part of transcriptional repressors. In short, the balance between HAT and HDAC activities are significant for the epigenetic regulation of gene expression. K and arginine (R) residues are subjected to methylation by histone methyltransferases (HMTs). The methylation at K residues is generally considered as a stable and readily reversible histone modification compared with others. The existence of histone demethylases (HDMs) has also been reported ([@b45-ijmm-43-01-0003]). Transcriptionally active genes exhibit acetylation/methylation of K4, K36 and K79 of H3 and vice-versa. The majority of the K residues subjecting to HAT activity reside in the N-terminal tail of histone, although H3K56 in the core domain is an exception; the acetylated H3K56 residue exists in the core region of the H3 subunit ([@b43-ijmm-43-01-0003]). In addition, certain HMTs have also been found to be associated with HATs. For example, coactivator-associated arginine methyltransferase CARM1/PRMT4 is attached to HAT with physical interactions and acts cooperatively in mediating nuclear factor-κB (NF-κB) activity ([@b47-ijmm-43-01-0003]). G9a, a histone lysine methyltransferase, also has a dual function as a transcriptional suppressor and activator ([@b48-ijmm-43-01-0003]).

The role of histone modifications is also central in responses to DNA damage for marking the damage site. For example, the methylation of H4K20 and action of cell cycle checkpoint protein Crb2 result in cell cycle arrest at the G2/M transition ([@b49-ijmm-43-01-0003]). Histone acetyltransferase binding to origin recognition complex HBO1 assists in chromatin remodeling during replication by coordinating with the ING family of tumor suppressors. H4 acetylation by HBO1 and the association of ING4, ING5 and p53 in the protein complex containing HBO1 are evident in S phase cells; the p53-HBO1 interaction occurs through physical binding and this interaction decreases the activity of HAT ([@b50-ijmm-43-01-0003]). Histone modification by phosphorylation/dephosphorylation is also significant in mammalian cell replication, mitosis, apoptosis and gametogenesis as these modifications can induce compaction/decompaction of DNA by altering the charge density ([@b51-ijmm-43-01-0003]).

Regulation of histone modifications
-----------------------------------

Histone modifications rely on unraveling chromosomal DNA and the recruitment and assembly of regulatory signals to the target site. Such regulatory signals possess catalytic domains, the activities of which can trigger a cascade of events that result in transcription, replication or repair depending on cellular status. The regulatory proteins associated with histone modifications are characterized by specific domains. For example, chromo-like domains of the Royal family recognize methylation and plant homeodomain (PHD), acetylation by bromodomain and phosphorylation by 14-3-3 domain ([@b43-ijmm-43-01-0003]). The recruitment of basal transcription machinery by proteins with HAT activities, including p300 and CREB-binding protein (CBP), and chromatin remodeling complex components, including Brahma-related gene-1 are facilitated by acetylated histones. These proteins bind to acetylated nucleosomes or acetylated histone chains with higher affinity. In addition, TATA box binding protein-associated factor 1 binds to acetylated histone and promotes the ubiquitination and phosphorylation of H1, by which transcription is activated ([@b52-ijmm-43-01-0003]).

Methylation at H3K4 assists in assembling regulatory proteins by binding to bromodomain PHD finger transcription factor via the PHD domain, a key component of the nucleosome remodeling factor chromatin-remodeling complex. This assembly is followed by the recruitment of sucrose non-fermenting homologue 2-like ATPase, resulting in activation of the homeobox C8 gene ([@b53-ijmm-43-01-0003]). Similarly, Jumonji domain (JMJD)2A, a lysine demethylase, and chromodomain helicase DNA binding protein 1, an ATPase, bind to methylated H3K4 with the tudor domain and chromodomain, respectively ([@b54-ijmm-43-01-0003]). The structural basis of these interactions remains to be fully elucidated and the binding is reported to occur preceding H3R2 ([@b55-ijmm-43-01-0003]). These protein domains act as adaptors for binding and a remodeling complex through methylated H3.

Methylated H3L27 recruits polycomb protein PC2, which exhibits ubiquitin ligase activity. Similarly, HP1 protein interacts with H3K9 and exhibits methyltransferase and deacetylase activities. The methylation of H3K4 and phosphorylation of H3T3 interfere with the binding of the transcriptionally repressive NuRD complex and inhibitor of acetyltransferase complex, respectively ([@b52-ijmm-43-01-0003],[@b56-ijmm-43-01-0003]). The binding of a protein to histone may also disrupt the modification in adjacent residues, which is evident from altered heterochromatin protein 1 (HP1) binding to methylated H3K9 upon the phosphorylation of H3S10 ([@b51-ijmm-43-01-0003]). In addition, a modification in one histone tail can alter the modification on a different histone tail. For example, the ubiquitination of H2B is required for the methylation of H3K4 ([@b43-ijmm-43-01-0003]). Suppressor of variegation 3-9 homolog 1 (SUV39H1) is a lysine methyltransferase recruited by trimethylated H3K9-bound HP1 that methylates adjacent histones. SUV39H1 activity facilitates further binding of HP1 resulting in opening of the heterochromatin region. Similarly, Enhancer of zeste homolog 2 possesses methyltransferase activity specific to H3K27 and recruits the dimeric protein PC, which is a component of the polycomb repressive complex 1. The binding of PC to histones prevents access of the SWI/SNF remodeling complex to chromatin, preventing transcription ([@b57-ijmm-43-01-0003]).

According to 'histone code hypothesis', histone modification at specific residues determines subsequent modifications in the same or a different histone ([@b52-ijmm-43-01-0003]). These modifications are recognized by regulatory proteins resulting in chromatin remodeling and transcription. For example, the methyl/phospho binary switch hypothesis states that the combination of several modifications results in the transition of a stable methyl/lysine state to a dynamic transcriptional state, and the phosphorylation of S/T residues adjacent to methylation site channels the downstream proteins to facilitate transcription. This type of regulation by phosphorylation depends on the position of phosphorylated residues, if a phosphorylated residue occurs prior to methylation and transcription is activated and vice versa ([@b52-ijmm-43-01-0003]).

Investigations on yeast chromosome mutations have revealed the ubiquitination of H2B-K123 occurred previous to H3-K4 and that H3-K79 methylation facilitates chromatin opening and transcription ([@b58-ijmm-43-01-0003]). In addition, the dynamics of H2B ubiquitination/de-ubiquitination determines the transcription of a certain set of genes. The de-ubiquitination activity of ubiquitin-specific processing protease 8 of Spt-Ada-Gcn5-acetyltransferase is essential for the methylation of H3-K36, which in turn results in the gene expression of galactokinase 1 in budding yeast ([@b59-ijmm-43-01-0003]). The proteosomal ATPases, regulatory particle triple-a protein, or regulatory particle triphosphatase (Rpt)4 and Rpt6 activate the methylation of H3-K4 and H3-K79 by altering the chromatin structure in the vicinity of ubiquitination (by Rad6). The 19S proteasome component ATPases independent of 20S facilitates the initiation and elongation phases of transcription and the 20S sub-complex is associated with RNA polymerase III ([@b60-ijmm-43-01-0003],[@b61-ijmm-43-01-0003]).

In higher eukaryotes, the impact of histone modifications on transcription is complex and contrasting effects exist in the modification patterns of histone residues. In addition, the actual role and effect of modifications including sumoylation, ubiquitination and de-ubiquitination remain to be fully elucidated. Genome-wide analysis of H2B ubiquitination and H3K4 methylation revealed the occurrence of \~5% of ubiquitination, which is less adequate in mediating the methylation of H3K4 ([@b62-ijmm-43-01-0003]). The de-ubiquitination of previously ubiquitinated H2B, which is usually \~35%, is attained following the methylation of H3K4, which in turn facilitates the methylation of H3K36 and thereby promotes transcription ([@b63-ijmm-43-01-0003]). The mechanism of the activation of methyltransferase activities, including SET and MYND domain containing 3 (SMYD3), which also has a DNA binding domain, requires detailed investigation. SMYD3 can behave as a transcription factor and as a DNA binding enzyme, however, its epigenetic implications remain to be fully elucidated.

The epigenetics of histone ubiquitination in eukaryotes remains unclear, however, the ubiquitin conjugating enzyme Ubc2 facilitates the methylation of H3K4 by the ubiquitination of H2B-K123 in *Saccharomyces cerevisiae.* In addition, investigations of mutations have shown that the ubiquitination of H2B-K123 is a prerequisite for H3K4 methylation ([@b62-ijmm-43-01-0003]). The involvement of ubiquitination and SUMOylation in the epigenetic regulation of inflammatory responses remains to be fully elucidated, and there is scope for extensive investigation. The ubiquitination and SUMOylation of NF-κB activates inflammatory responses, but not in an epigenetic manner ([@b64-ijmm-43-01-0003],[@b65-ijmm-43-01-0003]). Further investigation of these aspects in relation to inflammation and inflammatory disorders is warranted.

5. RNA-mediated epigenetics
===========================

The emergence of long non-coding RNAs and small non-coding RNAs through either intergenic or antisense transcription has been shown to be involved in regulating chromatin organization, translational repression and gene expression in eukaryotic cells. The small RNAs exert their effect via RNA interference (RNAi) pathways ([@b66-ijmm-43-01-0003],[@b67-ijmm-43-01-0003]). The implications of DNA methylation and subsequent gene silencing mediated through RNAi has been established in *Caenorhabditis, Schizosaccharomyces*, and *Tetrahymena*, and also in somatic and germ cells ([@b68-ijmm-43-01-0003],[@b69-ijmm-43-01-0003]). Elucidation of the RNAi-mediated downregulation of genes in human diseases offers potential for RNA-based therapeutic strategies. However, the selection of small interfering RNAs (siRNAs) or microRNAs (miRNAs), and knowledge of multiple targets and binding efficiency/strength are crucial to minimize unwanted reactions.

In general, small RNAs that regulate gene expression in the cytoplasm can be either miRNAs, which are derived from a hairpin loop, cause translational repression and usually carry non-complimentary sequences to the target ([@b70-ijmm-43-01-0003]); siRNAs, which cause the degradation of the transcript owing to its sequence complementarity; or piwiRNAs (piRNAs), which mediate transposon transcripts. These RNAs are capable of guiding chromatin modifications mediated through histone/DNA methyltransferases ([@b71-ijmm-43-01-0003]).

The biogenesis of siRNAs is predominantly elicited by double-stranded RNAs (dsRNAs) and is mediated by the Argonaute (Ago) family of proteins. Ago proteins are ubiquitous effectors for miRNAs and siRNAs whereas piwi proteins are responsible for piRNAs ([@b72-ijmm-43-01-0003]). The precursor dsRNA is cleaved by the Dicer family of enzymes, including RNAse III-forming 20-25 nucleotide (nt) duplexes where 3\'OH overhangs 5\'PO~4~ ([@b73-ijmm-43-01-0003]). Evidence for the existence of several Dicer-independent mechanisms of siRNA synthesis is also available in the literature ([@b74-ijmm-43-01-0003]). The cellular location of siRNA biogenesis is debated; however, a large body of evidence suggests that the cytoplasm is the possible site. By contrast, in *S. pompe*, Ago-mediated cleavage and RNA-dependent RNA polymerase amplification occurs in the nucleus ([@b71-ijmm-43-01-0003]). The generated duplexes are then loaded to the effector Ago protein, which requires heat shock protein 90. However, the mechanism, location and regulation of these proteins in regard to RNAi remain to be elucidated. Gene silencing by the miRNA interference pathway is shown in [Fig. 5](#f5-ijmm-43-01-0003){ref-type="fig"}.

The link between the RNAi pathway and nucleosome structure has been revealed by the identification of heterochromatic chromodomain protein calcineurin-like EF-hand protein 1 as a component of RNA-induced transcriptional silencing (RITS) associated with Ago1 and small RNAs. Trans-acting siRNA Tas3 associates with RITS through Ago1 and the functional RITS complex comprises an RNA-dependent RNA polymerase complex (RDRC; e.g. Rpd1), helicases (e.g. helicase required for RNAi-mediated heterochromatin assembly), and poly(A) polymerase CTC-interacting domain 12) ([@b75-ijmm-43-01-0003]). The RITS complex interacts with the heterochromatin and small RNAs, although the exact function and mechanism of this interaction remains to be elucidated; however, by binding to euchromatic mRNAs, RITS leads to the methylation of H3K9 ([@b76-ijmm-43-01-0003]). The RNAs associated with chromatin can act as scaffolds for the organization of RITS and assists in the recognition of chromatin modifications which ultimately lead to H3K9-mediated gene silencing ([@b77-ijmm-43-01-0003]).

The Clr4 subunit of the Clr4-Rik1-Cul4 (CLRC) complex, a protein complex that assembles at the target nucleosome, possesses methyltransferase activity which methylates H3K9. Rik1 links with the RDRC and RITS complex, and the Stc1protein of the CLRC interacts with Ago and Tas3, thereby linking the RNAi machinery ([@b77-ijmm-43-01-0003]). These interactions are reported to occur through physical means, which suggests feedback among the RITS complex, the RDRC and the CLRC complex ([@b78-ijmm-43-01-0003],[@b79-ijmm-43-01-0003]). Rik1-associated factor 2 (also known as Cmc2) and Rik1, components of the CLRC complex, associated with Cdc20 (the catalytic subunit of the leading-strand DNA polymerase-ε) and Mms19 (a regulator of the TFIIH) coordinate DNA replication and the RNAi-mediated release of RNA polymerase II for heterochromatin-mediated inheritance ([@b80-ijmm-43-01-0003],[@b81-ijmm-43-01-0003]). These results were the outcome of studies performed in *Saccharomyces* species and the evidence for the coordination between RNAi and DNA replication requires detailed investigation, particularly in higher eukaryotes.

6. Tendon disorders and epigenetic regulation of inflammation
=============================================================

Tendon disorders, particularly rotator cuff tendinopathies, are one of the most common musculoskeletal disorders of which pain and inflammation are the major symptoms. Shoulder tendinopathies constitute \>30% of referrals for musculoskeletal disorders. Despite the increased incidence of tendinopathies, the exact mechanisms underlying the etiology and pathogenesis of shoulder tendinopathies remain to be fully elucidated ([@b82-ijmm-43-01-0003]). The expression of inflammatory cytokines and mediators associated with tendinopathies has been reported in several studies. Tenocytes upon inflammatory trigger/stimuli tend to express inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-21, and transforming growth factor (TGF)-β ([@b83-ijmm-43-01-0003],[@b84-ijmm-43-01-0003]).

Of note, the shoulder tendon tissues in the majority of cases do not show the classical histology of inflammation, including the infiltration of macrophages or neutrophils and cytokine production ([@b84-ijmm-43-01-0003]). By contrast, reports showing the presence of the infiltration and activation of immune cells are also available; however, this depends on the severity of the injury ([@b85-ijmm-43-01-0003]). Our previous study described a novel dual-mechanism of the inflammatory status of injured rotator cuff tendon tissue in relation to triggering receptor expressed on myeloid cells-1 (TREM1). During asymptomatic tendinopathies, the tenocytes express the TREM1 molecule and function like immune cells, which in turn are regulated by high mobility group protein 1 and receptor for advanced glycation end products ([@b1-ijmm-43-01-0003],[@b86-ijmm-43-01-0003]).

So far, the epigenetics of inflammation associated with tendon disorders has not been investigated, however, the basic cellular mechanisms appear to be applicable to tenocytes. The trigger for the epigenetic switch and the pathological aspects of epigenetic alterations in tendon cells remain to be fully elucidated, however, several miRNAs have been reported to be involved in tendon disorders and inflammation ([@b87-ijmm-43-01-0003]). For example, microRNA (miR)-29a is involved in the regulation of IL-33-mediated inflammation in rotator cuff tendons ([@b88-ijmm-43-01-0003]). In our previous studies, the screening of alterations of miRNAs associated with shoulder tendon matrisome disorganization ([@b89-ijmm-43-01-0003]), and the Janus kinase 2/signal transducer and activator of transcription (STAT)3 pathway of inflammation ([@b90-ijmm-43-01-0003]) was performed. These studies revealed the alteration of hundreds of miRNAs which are considered to be associated with the pathological changes in the tendon. Among them, miR-145-5p, miR-100-5p, miR-195-5p, and let-7 were found to be the key miRNAs, and warrant further detailed investigations.

Due to the limited availability of literature regarding the epigenetic regulations of tendon inflammation, the following section mainly describes the epigenetics of general inflammation irrespective of specific tissue; the extrapolation of such knowledge to tendon tissues may have an impact on tendon disorders.

The inflammatory response is complex and is elicited by signal-specific or gene-specific cascade mechanisms which usually result in antimicrobial defense, immune response and repair, and regeneration of the affected tissue ([@b91-ijmm-43-01-0003]). A wide array of transcription factors associated with inflammatory responses, including NF-κB, forkhead box P3 (FOXP3), and STAT2 are regulated by epigenetic changes including DNA methylation and/or histone modifications ([@b92-ijmm-43-01-0003]). For example, JMJD3 regulates the methylation status of H3K27 and controls the differentiation and phenotype identity of macrophage cells. The IL-4 mediated activation of JMJD3 removes the repressive methylation tag from H3K27 of the STAT6 promoter, which in turn activates the downstream inflammatory genes. In addition, activated STAT6 positively regulates JMJD3 by binding to its promoter ([@b93-ijmm-43-01-0003]).

The impairment of DNA methylation following chronic inflammation has led to an understanding of the role of the polycomb group proteins in the epigenetic regulation of inflammatory responses ([@b94-ijmm-43-01-0003]). NF-κB/reticuloendotheliosis B (RelB)-mediated gene repression is another classical example. RelB induction, resulting from the actions of endotoxins or during sepsis, represses a number of proinflammatory genes by enhancing heterochromatin formation through interacting with H3K9 methyltransferase G9a. The subsequent trimethylation of H3K9 recruits HP1 to form a repressive complex at RelB promoters, and this recruits DNMT3a and DNMT3b to CpG methylation. Therefore, RelB links histone modifications and DNA methylations which have implications in inflammation ([@b95-ijmm-43-01-0003],[@b96-ijmm-43-01-0003]).

The activation of HAT results in the transcription of inflammatory genes whereas HDAC represses inflammation. Proinflammatory cytokines, including IL-1, IL-8, IL-2 and IL-12, are acetylated by CBP/p300 at their promoter regions leading to their transcription. In addition, the activity of HDAC represses the transcription of these genes. Proteins with HDAC activity also regulate the transcription of proinflammatory and anti-inflammatory cytokines by recruiting co-repressors and transcription factors, including FOXP3, STATs, GATA, zinc finger E-box-binding homeobox 1 and NF-κB ([@b97-ijmm-43-01-0003]). Following challenge with cytokines, NF-κB is regulated by inhibitor of NF-κB kinase subunit α (IKK-α) of inhibitor of NF-κB (IκB) kinase, and forms a complex by binding with the promoter region. This binding is facilitated by the RNA polymerase II complex and CBP, where IKK-α promotes the acetylation of H3K9 and phosphorylation of H3S10. The phosphorylation of H3S10 leads to CBP-dependent H3K14 acetylation, which channels NF-κB flux. HDAC and glucocorticoid receptor activation can reverse these processes leading to the transcriptional repression of NF-κB-dependent inflammatory genes ([@b98-ijmm-43-01-0003]).

The epigenetic regulation of inflammatory genes by DNA methylation has also been reported. The hypomethylation of Toll-like receptor (TLR)2 results in the aggravation of inflammation, as reported in bronchial epithelial cells following challenge with bacterial peptidoglycan ([@b99-ijmm-43-01-0003]). The combined effects of DNA methylation and histone acetylation result in regulation of the TLR4 gene in the epithelial lining of the intestine, suggesting the role of epigenetic DNA methylation on microbial defense ([@b100-ijmm-43-01-0003]). The increased methylation of interferon-γ promoter cells and the demethylation of IL-2 and IL-6 promoters on CD4^+^ T cells upon allergen challenge on experimental asthma models provide further evidence ([@b101-ijmm-43-01-0003],[@b102-ijmm-43-01-0003]). *Helicobacter pylori* induces inflammation of the gastric mucosa and activates oncogenic pathways by altering the methylation patterns of gastric epithelial cells ([@b103-ijmm-43-01-0003]). In addition, the inflammatory cytokine TGF-β suppresses CD133 stem cell/cancer biomarker by methylation, with demethylation at the promoter regions inducing resistance to apoptosis and anticancer drugs ([@b104-ijmm-43-01-0003],[@b105-ijmm-43-01-0003]). In addition, the hypermethylation of suppressor of cytokine signaling 1 in macrophages regulates cytokine signaling, particularly TNF-α and IL-6, and thereby inflammation ([@b106-ijmm-43-01-0003],[@b107-ijmm-43-01-0003]).

Chemokines of the (C-X-C motif) ligand (CXCL) family are reported to be involved in various carcinogenic and anti-carcinogenic signaling pathways and in inflammatory responses. CXCL1/growth regulated oncogene-α (GROα) enhances angiogenesis and inhibits extracellular matrix (ECM) synthesis in prostate cancer cells. CXCL1/GROα acts by the activation of NF-κB and its subsequent interaction with HDAC1 to repress the ECM protein, fibulin-1D ([@b108-ijmm-43-01-0003]). Similarly, the expression of CXCL14 is suppressed by the hypermethylation of CpG, and this hypomethylation enhances its expression. CXCL14 exerts its anticancer function by preventing cell migration and invasion by inhibiting NF-κB signaling ([@b109-ijmm-43-01-0003],[@b110-ijmm-43-01-0003]). CXCL12 functions by binding to the receptor CXCR4, where it is downregulated by aberrant methylation in breast cancer cells. As the existence of demethylated CXCR4 and hypermethylated CXCL12 has been established in tumor cells, the methylation status of the cells can be used as a diagnostic tool for various types of cancer ([@b111-ijmm-43-01-0003],[@b112-ijmm-43-01-0003]).

7. Summary and future directions
================================

The epigenetic regulation of gene expression has been established in mammalian systems, including humans. The structures, localization, mechanism of recruitment and regulation of several proteins with DNA methyltransferase activities, HAT and HDAC activities, and their roles in DNA replication and mRNA transcription have been reported. RNAi-mediated by miRNAs is also considered to be involved in epigenetics. The implications of epigenetics in diseases including cancer, cardiovascular disease, diabetes and neurological disorders have led to the understanding of their molecular pathology and disease management approaches. Inflammation is a well-established epigenetically-regulated biological process and the major genes involved are well described. There is a lack of sufficient evidence in the literature regarding the epigenetic regulation of gene expression in tendon tissues. Inflammation is a generalized occurrence associated with all tendinopathies, including rotator cuff insults. Conventional treatment strategies mainly deal with the management of pain and inflammation. However, the sustained disorganization of ECM increases the risk of recurrence of tendon damage. The possibilities of epigenetic regulation for the expression of inflammatory genes and the genes associated with tendon repair cannot be neglected. Additionally, extrapolation of the epigenetic changes in inflammation may offer opportunities to establish the same understanding in tendons.

Understanding the mechanism of DNA methylation patterns and histone modifications of tendon specific inflammatory genes can assist in improving current understanding of tendon pathology and may lead to the development of novel therapeutic/management strategies. The screening and validation of miRNA-mediated RNAi in tendon pathology can form another promising approach. Therapeutics based on miRNAs or miRNA-inhibitors possess appreciable therapeutic potential in several diseases, including cancer, however, none have been reported for rotator cuff tendons. Those miRNAs targeting multiple mRNAs in the same or different pathways can provide a promising approach, however, the selection of pathways and consideration of non-specific targets require careful evaluation. The mode of delivery of such therapeutic miRNAs is also a challenge. Further investigations are warranted in the field of tendon physiology/pathology for the elucidation of novel and promising epigenetic therapeutic targets and their clinical application.
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![Nucleosomal organization of DNA. The DNA strand is wound around an octamer of histone subunits and the linker DNA is stabilized by linker histone H1.](IJMM-43-01-0003-g00){#f1-ijmm-43-01-0003}

###### 

Activity of DNMTs. (A) DNMT catalyzes the transfer of methyl group from SAM to the 5th carbon of cytosine to form 5\'-methyl cytosine. (B) Unmethylated genomic DNA is acted on by DNMT3A and DNMT3B to form hemi-methylated DNA, which is converted to fully-methylated DNA by the activity of DNMT1. SAM, S-adenosyl methionine; SAH, S-adenosylhomocysteine; DNMT, DNA methyl transferase.
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![Demethylation reaction by TET. The 5MeC is converted to 5hMeC, 5FC and finally to 5CaC by sequential oxidation by TET, and 5CaC is decarboxylated to cytosine by the decarboxylase reaction. TET, ten-eleven translocation; 5MeC, 5-methyl cytosine; 5hMeC, 5\'-hydroxymethyl cytosine; 5FC, 5\'-formyl cytosine; 5CAC, 5\'-carboxyl cytosine; DNMT, DNA methyl transferase.](IJMM-43-01-0003-g03){#f3-ijmm-43-01-0003}

###### 

Histone acetylation and modification. (A) Histone acetylation/deacetylation. The K residue of histone reacts with acetyl-CoA to form acetylated histone and is catalyzed by the HAT enzyme, whereas the deacetylation of histone is catalyzed by HDAC. (B) Modifications in H3 histone. The position of amino acid residues at the N-terminal end; key residues, including K, R, T, and S; and modifications of methylation, acetylation and phosphorylation are shown. Enzymes with methyl transferase activity are shown in the boxes. HAT, histone acetyl transferase; HDAC, histone deacetylase.
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![Gene silencing via the miRNA interference pathway. The pre-miRNA formed in the nucleus by DROSHA activity is transported to the cytosol mediated by exportin-5; in the cytosol, the pre-miRNAs are cleaved by nucleases, including DICER, to miRNA duplexes from which miRNAs are formed. The miRNAs are then assembled to the RISC and leads to the degradation of target mRNA transcripts. A similar mode of action is elicited by shRNA and synthetic siRNA, if delivered to the cytosol. miRNA, microRNA; pri-miRNA, primary miRNA; pre-miRNA, precursor miRNA; RISC, RNA-induced silencing complex; AGO, argonaute; AP, effector AGO protein; shRNA, short hairpin RNA; siRNA, small interfering RNA.](IJMM-43-01-0003-g06){#f5-ijmm-43-01-0003}
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Types of histone modification.

  Histone modification    Residue
  ----------------------- -------------------
  Acetylation             Lysine (K)
  Methylation             Lysine (K)
  Methylation             Arginine (R)
  Ubiquitination          Lysine (K)
  Phosphorylation         Serine (S)
  Phosphorylation         Threonine (T)
  ADP ribosylation        Glutamic acid (E)
  Sumoylation             Lysine (K)
  Deimination             Arginine (R)
  Proline isomerization   Proline (P)
